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1 
A Parcel-Level Assessment Tool to Measure Sustainability through Urban 1 
Ecosystem Components: The MUSIX Model 2 
Abstract: The impacts of human behaviour on ecosystem functions and dynamics have 3 
significantly increased with mostly irreversible consequences since the mid 20th century. In 4 
the global scale, so far two major environmental consequences can be recalled—i.e., climate 5 
change and loss of biodiversity. As a result of these consequences, in recent years a number of 6 
urban sustainability assessment frameworks are developed to better inform policy formulation 7 
and decision-making processes. This paper introduces one of these attempts in developing a 8 
comprehensive assessment tool—i.e., Micro-level Urban-ecosystem Sustainability IndeX 9 
(MUSIX). Being an indicator-based indexing model, MUSIX investigates the environmental 10 
impacts of land-uses on urban sustainability by measuring urban ecosystem components in 11 
local contexts. The paper presents the methodology of MUSIX and demonstrates the 12 
performance of the model in a pilot test-bed—i.e., in Gold Coast, Australia. The paper 13 
provides useful insights on the sustainability performance of the test-bed area with reference 14 
to the model findings. 15 
Keywords: Urban Ecosystem Components, Indicator-Based Sustainability Assessment, 16 
Composite Index, Parcel-Level Analysis, Gold Coast City. 17 
1. Introduction 18 
A city is the most dramatic manifestation of human activities on the environment (Ridd, 19 
1995). This human-dominated organism degrades natural habitats, simplifies species 20 
composition, disrupts hydrological systems, and modifies energy flow and nutrient cycling 21 
(Alberti, 2005; Yigitcanlar et al., 2010a). To examine this interaction, we need to consider 22 
cities as ‘urban ecosystems’, in other words, as defined by Alberti (1996, p.382) ‘urban 23 
ecological spaces’, with their biological and physical complexities that interact with each 24 
other. Urban ecosystem is a dynamic biological organism that comprises of natural, built and 25 
socioeconomic environments. 26 
Natural environment refers to the physical surroundings that have not been significantly 27 
modified by human activity including topographical features, flora/fauna, soil, water, and 28 
climatic features. Natural environment contributes to urban sustainability in many ways: (1) 29 
enhances vegetation composition and diversity as well as provides a habitat for wildlife in 30 
metropolitan settings; (2) provides amelioration of urban microclimates by reducing albedo 31 
and radiation loads; (3) protects water quality by moderating stream flow, controlling volume, 32 
duration and intensity of runoff, and buffering against pollutants; (4) improves air quality by 33 
controlling the greenhouse effect, lowering the emissions of Volatile Organic Compounds, 34 
thereby, contributing to the formation of ozone in urban areas, and; (5) reduces noise 35 
pollution through blocking and absorbing sound waves, thereby, protects the physiological 36 
and psychological health of humans (Oke, 1990; Gorham, 2002; Singh & Davar, 2004; Day & 37 
Dickinson, 2008; Wilder & Kiviat, 2009; Nowak, 2012; Goonetilleke et al., in press). 38 
Built environment refers to the physical surroundings created by human activity (e.g., 39 
roads, houses, buildings, bridges, etc.) and related infrastructure services. Built environment 40 
contributes to urban sustainability in many ways: (1) close proximity to land-use destinations 41 
reduces the volume of traffic by minimising automobile oriented transportation; (2) better 42 
public transport accessibility tends to provide easier access and shorter times to the 43 
destinations by increasing the use of alternative modes; (3) walkable streets promote 44 
sustainable neighbourhoods and districts by ensuring safe and comfortable pedestrian 45 
environments; (4) passive design improves thermal comfort of the site by creating optimum 46 
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conditions for the use of solar design strategies, and; (5) the use of renewable resources 47 
provides energy conservation and improves water use efficiency (King et al., 1995; Hyde, 48 
2000; Litman, 2007; McCormack et al., 2008; Glaeser et al., 2008; Yigitcanlar et al., 2010b; 49 
ATA, 2012). 50 
Socioeconomic environment is the part of the environment that is linked to social, 51 
economic and cultural human activities. A number of studies (Martin et al., 2004; Luck, 2007; 52 
Jenerette et al., 2007) have shown that there is a relationship between sustainability and 53 
neighbourhood demographic characteristics, such as population density, age, ethnicity and 54 
cultural background. Troy et al. (2007) examined the relationship between social stratification 55 
and vegetation in Baltimore, Maryland, and found that higher income neighbourhoods have 56 
more spaces for planting. A strong relationship between income and plant diversity have been 57 
found in other studies (Grove & Burch, 1997; Iverson & Cook, 2000; Kinzig et al., 2005) 58 
stating that wealthy neighbourhoods exhibit high plant diversity because of the land-use of the 59 
residents in the neighbourhood. Grove et al. (2006) conducted a study in Baltimore, 60 
Maryland, which found that lifestyle behaviours, such as average family size and marriage 61 
status are important predictors of land cover change. 62 
Sustainability assessment is increasingly being viewed as an important tool to monitor the 63 
human-environment interaction at different temporal and spatial scales. It provides valuable 64 
information to assess the performance of the existing economic, social and environmental 65 
policies, plans and programmes by highlighting emerging problems (Devuyst et al., 2001; 66 
Nguyen, 2004; Yigitcanlar & Dur, 2010). Furthermore, it contributes to the development of 67 
sustainable policies in terms of collecting information for planners and policymakers 68 
concerning the severity of environmental problems and their impacts on natural systems 69 
(RCEP, 2002). Current literature suggests sustainability assessment to be performed via 70 
applying different approaches and tools. These tools are categorised in three groups by 71 
Srinivasan et al., (2011), as follows: 72 
First category—includes assessment frameworks, which are basically integrated and 73 
structured procedures that assist in the comparison of proposed project and policy alternatives 74 
based on their environmental impacts (e.g., Environmental Impact Assessment-EIA and 75 
Strategic Environmental Assessment-SEA).  76 
Second category—includes analytical evaluation tools, which are used to conduct analysis 77 
in order to support policymaking by finding potential solutions to specific problems within 78 
the framework. These tools are divided into two sub-categories:  79 
• Reductionist tools use a single measureable indicator or dimension or objective or scale 80 
of analysis or time horizon for evaluation (e.g., economic tools such as Cost Benefit 81 
Analysis-CBA and Whole Life Costing-WLC, biophysical models such as Material 82 
Flow Analysis, Ecological Footprint and Energy Accounting, indicators/composite 83 
indices), and; 84 
• Non-reductionist tools follow a series of methodological choices, which are subjective 85 
and influenced by the analyst (e.g., Multi-Criteria Analysis-MCA).  86 
Third category—includes sustainability metrics, which are divided into three sub-87 
categories:  88 
• Ecosystem-scale, such as Ecological Footprint Analysis, Environmental Sustainability 89 
Index-ESI and Wellbeing Index-WI; 90 
• Building-environment scale, such as green building rating systems, and; 91 
• Building scale, such as Net Energy, Zero Energy, Renewable Energy Balance-REB and 92 
Zero/Low Carbon.  93 
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As one of them, indicators and composite indices are increasingly recognised as useful 94 
assessment tools. According to Gabrielsen & Bosch (2003), they are used for four major 95 
purposes: providing information on environmental problems to assist planners and 96 
policymakers in evaluating their severity; supporting policy formulation by identifying 97 
pressure factors on the environment; monitoring the effects and effectiveness of policy 98 
implementation, and; raising public awareness on environmental issues by providing 99 
information on the driving forces of environmental impacts and their policy responses. In 100 
recent years there has been considerable interest in the integration of indicator initiatives into 101 
the policymaking and planning processes. The most widely used international approach is the 102 
“driving force-pressure-state-impact-response” (DPSIR) framework developed by the 103 
Organisation for Economic Cooperation and Development (OECD). The DPSIR framework 104 
has provided a basis for other international initiatives (e.g., United Nations Commission on 105 
Sustainable Development Theme Indicator Framework, United Nations Centre for Human 106 
Settlements Indicators, Millennium Development Goal Indicators, European Environment 107 
Agency list of core indicators, World Health Organization Healthy Cities Indicators, and, Rio 108 
to Johannesburg Dashboard of Sustainability). At the national scale, many cities have 109 
established sustainable development indicator initiatives (e.g., Seattle Indicators of 110 
Sustainability, Sustainable Community Roundtable of South Puget Sound, Victoria 111 
Community Indicators Project, Sustainable Vancouver Plan, and City of Atlanta 112 
Sustainability Plan). In addition, various sustainability-rating tools at different spatial scales 113 
have been developed, as presented in Table 1.  114 
[INSERT TABLE 1 HERE]  115 
However, these studies reported multiple barriers regarding the availability and collection 116 
of data during the indicator development process, which raised the issue of missing data 117 
treatments (Hacking et al., 2008; Singh et al., 2009). As stated by Mayer (2008) data 118 
unavailability for the majority of aggregated indicators are a common weakness of all indices; 119 
hence, many of the sustainability indicator indices are not capable of measuring all 120 
dimensions of sustainability. This brings the need of further research required to develop 121 
more effective approaches and solutions supporting the measurable and accessible data for the 122 
indicator development. The aim of this study is to investigate the impacts of urban 123 
development on the natural environment by developing an effective sustainability-indexing 124 
model, and assessing both direct and consequential effects on urban ecosystems through a set 125 
of suitable indicators tailored for the unique local context. In light of the research objective, 126 
this paper introduces a new urban ecosystem sustainability assessment tool entitled ‘Micro-127 
level Urban-ecosystem Sustainability IndeX (MUSIX)’. MUSIX is an indicator-based 128 
indexing model that evaluated the environmental impacts of land-uses on urban sustainability 129 
by measuring urban ecosystem components in local contexts. 130 
According to the literature, the impacts of environmental issues have different temporal 131 
and spatial characteristics. Many problems that emerged at the local-level (e.g., rapid 132 
urbanisation, development of industrialisation and modern transportation systems, increased 133 
consumerism and overproduction) several years ago have become national and global 134 
problems today. For instance, climate change/global warming and loss of biodiversity are 135 
global environmental issues; however the policy responses and strategies are developed at the 136 
national levels and applied at the local level. In a similar manner, it is difficult to analyse the 137 
state of the environment and natural resources at regional scale, hence, regions needs to be 138 
classified on a broader scale. Additionally, ecosystems are the local units where the causes 139 
and outcomes of implemented policies can be assessed, tested or demonstrated in the short 140 
term (Winograd, 1997).  141 
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It is a fact that urban ecosystems are affected by various spatial scales of human activities 142 
(Yigitcanlar & Teriman, in press). As stated by Alberti (2008, p.102), the smallest spatial unit 143 
in the urban ecosystem allows for producing socioeconomic and biophysical information that 144 
varies from household and building levels to street and parcel levels. These parcels then 145 
combine to create new functional units as suburbs and neighbourhoods that interact with 146 
regional and national scales. As a result of the multi-scale characteristics of environmental 147 
problems, detailed and up-to-date micro-scale data is crucial in order to assess national and 148 
global environmental change in urban ecosystems. In this context, MUSIX provides a 149 
methodological approach for identifying a set of parcel-scale indicators that can be used for 150 
monitoring the impacts of development on urban ecosystems. This paper trails the MUSIX 151 
methodology in a pilot test-bed. In the case of Gold Coast City, MUSIX detects the 152 
sustainability performance of a residential area referring to six main issues of urban 153 
development—i.e., hydrology; ecology; pollution; location; design, and; efficiency. For each 154 
category, a set of core indicators is assigned in order to measure the progress towards 155 
sustainable development. As the indicator set of the model provides specific information 156 
about the environmental impacts in the study area at the parcel scale, the composite index 157 
score produces a big picture view of the sustainability of the area at the neighbourhood scale. 158 
2. Method and Materials  159 
2.1. Gold Coast Case Study Area 160 
Gold Coast City (GCC) is located in the South East of the state of Queensland, Australia. 161 
The city is the sixth largest city in Australia and covers an area of 1,378 square kilometres 162 
with its rapidly growing population and urban settlements. The GCC is a linearly developed 163 
city, which includes a coastline with a high density residential, and tourism accommodation 164 
surrounded with low-density housing developments, industrial areas, commercial activity 165 
centres and developing knowledge precincts (GCCC, 2008). The city has a subtropical 166 
climate with an average of 287 days sunshine annually. The average summer temperatures are 167 
19 to 29 °C and the average winter temperature is 9 to 21 °C. A wide range of landscapes and 168 
habitats, ranging from mangroves to eucalyptus woodlands and rainforests, create diverse 169 
habitats for flora and fauna (GCCC, 2006, 2012). 170 
The city is an attractive immigration destination for business and trades people moving 171 
from other parts of Australia. The estimated resident population (as of 2011) was 527.828 and 172 
the population density is 395.7 persons/km² (Australian Bureau of Statistics, 2006). The 173 
community profile of the GCC based on the 2006 Census of Population and Housing 174 
published by the Australian Bureau of Statistics can be summarised as follows (GCCC, 2009): 175 
22% of the population was aged between 0 and 17, and 20.9% were aged 60 years and over; 176 
24.7% of the population was born overseas, and 9.4% were from a non-English speaking 177 
background; 15.3% of the population earned a high weekly individual income, and 38.2% 178 
earned a low weekly individual income; 37.2% of the population held educational 179 
qualifications, and 46.7% had no qualifications, and; 94.8% of the labour force was 180 
employed, and 5.2% was unemployed. 181 
The model was piloted in Helensvale, which is a newly developed suburb of the GCC with 182 
a population of 14,767 including mostly medium-high income groups (Australian Bureau of 183 
Statistics, 2006). Low wooded ridges border the suburb from the Pacific Motorway on the 184 
west side. The Coombabah wetlands are located on the east side, which is an important nature 185 
reserve of the city. Helensvale is an important transport hub, which includes a railway station, 186 
and, bus and taxi set downs. Due to its proximity to the Gold Coast CBD, the suburb also 187 
includes retail, commercial and educational uses such as state high school, golf club, major 188 
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shopping centre and parklands, and it is also very close to two popular theme parks 189 
Movieworld and Wet ‘n’ Wild (GCCC, 2013).  190 
[INSERT FIGURE 1 HERE] 191 
The pilot area is a residential development area located on Discovery Drive in the suburb 192 
of Helensvale at the GCC. A general map of the area is shown in the Figure 1 (Google Maps, 193 
2013). The area consists of detached single and two storeys large lot dwellings. The houses 194 
are in good condition, and, predominantly, have large backyard gardens. The total size of the 195 
pilot area is approximately 59 hectares and the total number of parcels is 292. There is also a 196 
secondary school, rugby club and aquatic centre located in the area. The area has a cul-de-sac 197 
street pattern that is highly dependent on motor vehicle use. 198 
2.2. Indexing the Sustainability of Urban Ecosystem Components 199 
As defined by Gasparatos (2010, p.1616), “a composite index is an aggregation of different 200 
indicators under a well developed and pre-determined methodology”. An indicator-based 201 
composite index serves many purposes, including to: identify the analysis of relevant issues, 202 
current states and future trends; provide a necessary information base for the definition of 203 
objectives, goals and the actions required; direct policymaking and urban planning processes 204 
in terms of monitoring, assessing performance and controlling, and; serve for communication 205 
between administrative bodies and the public, for the initiation of discussions and increasing 206 
awareness (Weiland, 2006). Based on the composite indicators methodology and user guide 207 
proposed by the OECD (2008), the construction of indicator-based sustainability composite 208 
index involves the following eight major steps: 209 
• Developing a theoretical framework: This step refers to the definition of the 210 
environmental phenomenon to be measured and its sub-components. The theoretical 211 
framework of the index is based on an in-depth review of the literature. 212 
• Selecting indicators and data collection: This step involves selection of the indicators 213 
that are linked to the theoretical framework. This step also includes data collection 214 
process for the selected indicators.  215 
• Imputation of missing data: This step is applied to address the issue where the data is 216 
missing. There are two general methods for dealing with missing data: omitting the 217 
missing data from the analysis, and; providing a value for each missing data. 218 
• Multivariate analysis: Multivariate analysis is used to investigate the overall quality of 219 
the dataset and the soundness of the procedures applied in the construction of the index.  220 
• Normalisation of data: In this step, a normalisation procedure is applied to the indicator 221 
set so as to convert the different indicator units into a common scale. 222 
• Weighting and aggregation: Weighting procedure reflects the importance given to the 223 
indicators comprising the index or the substitution rates between them. Aggregation 224 
procedure refers to the grouping of all the indicator scores into a composite index score. 225 
• Robustness and sensitivity: A sensitivity analysis is needed to assess the robustness of 226 
the composite index in terms of the choice of normalisation, weighting, and aggregation 227 
methods. 228 
• Visualisation of the results: This step involves the interpretation of the findings in order 229 
to provide a clear and accurate presentation of index results.  230 
After reviewing the existing sustainability assessment tools and national indicator 231 
initiatives, it has been concluded that there is a particular gap in data availability due to the 232 
lack of micro-scale environmental information. For instance, some countries have been 233 
excluded because of failing to report local data for particular indicators in the calculation of 234 
Environmental Sustainability Index (ESI) and Environmental Performance Index (EPI)—235 
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developed by Yale and Columbia Universities in collaboration with the World Economic 236 
Forum and the Joint Research Centre of the European Commission (Emerson et al., 2012). 237 
Similarly, due to lack of comparable data, not all countries have been included in the 238 
calculation of Human Development Index (HDI), which is published by the United Nations 239 
Development Programme (UNDP, 2010). As a result of challenges in data collection 240 
difficulties and availability of local data, there is a need for a micro-level assessment tool that 241 
measures urban ecosystem sustainability accurately. In this context, MUSIX is developed as a 242 
micro-level sustainability-indexing model that measures environmental sustainability 243 
performance of a built environment via developing relevant parcel-scale indicators of urban 244 
ecosystem components. The model methodology consists of five steps—theoretical 245 
framework development, indicator selection, data collection and analysis, model development 246 
and application, and policy development. 247 
2.3. The MUSIX Methodology 248 
2.3.1 Theoretical Framework Development 249 
As sustainable development of natural resources is a broad and multi-dimensional concept, 250 
a theoretical framework is necessary in order to address what is meant by sustainability, what 251 
is the sustainable use of resources and what kind of planning tools need to be developed for 252 
the assessment of their sustainability (Carraro et al., 2009; Dur & Yigitcanlar, in press). 253 
Therefore, the theoretical framework of MUSIX is based on environmental sustainable urban 254 
development, which aims to promote ecologically diverse and dynamic cities with balanced 255 
use of their resources for the welfare of future generations (Newman & Jennings, 2008). The 256 
model incorporates six main targets that aim to achieve environmental sustainable urban 257 
development: hydrological conservation; ecological protection; environmental quality; 258 
sustainable mobility and accessibility; sustainable design of urban environment, and; use of 259 
renewable resources. 260 
In addition to the theoretical framework, Figure 2 provides a conceptual framework for the 261 
environmental assessment and reporting structure of MUSIX, which is adapted from the 262 
Driving force-Pressure-State-Impact-Response (DPSIR) framework developed by the OECD 263 
(2008). Each component of this framework represents the following aspects of the model: 264 
Driving forces are the underlying causes that lead to environmental pressures on urban 265 
ecosystems; Impacts are the environmental problems caused by driving forces; Urban 266 
ecosystem components correspond to the indicator sub-category sets of the model that express 267 
the level of impact on urban ecosystems, State variable refers to the selected indicators of the 268 
model that monitor the pressures and problems; and; Responses are the actions that are taken 269 
in order to achieve a sustainable urban future. 270 
[INSERT FIGURE 2 HERE] 271 
In this research, environmental sustainable urban development and its above-mentioned 272 
key principles constitute a basis for the determination of indicator categories and indicators. 273 
Moreover, a DPSIR approach helps to conceptualise a wide range of issues that address the 274 
problem by presenting the reasons and the degree of harm caused in the ecosystem (Pearson et 275 
al., 2011). The DPSIR framework of the model examines the linkages between human 276 
activities and ecosystems by clarifying the complex relationship between them. It is a useful 277 
tool for reporting this relationship as well as helping to develop potential solutions. It leads to 278 
a better understanding of the selection of indicators that are relevant to environmental 279 
sustainability assessment and also provides a conceptual basis for the policy needs. 280 
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2.3.2 Indicator Selection 281 
A set of relevant indicators was developed through a comprehensive review of existing 282 
indicator initiatives (e.g., UNCSD, 2001; OECD, 2003; EEA, 2005; Japan Sustainable 283 
Building Consortium, 2007; SEDAC, 2007; U.S. Green Building Council, 2008, 2009). 284 
Additionally, an expert panel reached a consensus on the desired indicators through a series of 285 
workshops. The indexing model highly benefited from the expert opinions of panel members, 286 
both academic and professional, and their local knowledge concerning the study area during 287 
the selection of indicators. These workshops provided useful insights into the selection of 288 
relevant indicators for the policy formulation process. As it was difficult collecting and 289 
implementing data at the local level, indicators were also selected through consideration of 290 
the local context and data availability for the pilot test-bed area—in Gold Coast City. 291 
The model measures the state of the environment in two main categories with three 292 
indicator sets using 14 indicators. Table 2 shows the indicator categories; indicator sets and 293 
individual indicators. To evaluate the sustainability performance of each indicator, literature-294 
based benchmark values were assigned to all indicators. More details of normalisation 295 
procedure are given in the following section.  296 
[INSERT TABLE 2 HERE] 297 
2.3.3 Data Collection and Analysis 298 
Normalisation and calculation of indicators: In this study, each indicator has different 299 
measurement units, which cannot be integrated equally in their original mode to generate a 300 
composite index. Therefore, the benchmarking normalisation method was employed to 301 
remove the scale effects of these different units by standardising the original indicator units to 302 
normalised units (Ebert & Welsch, 2004; Nardo et al., 2005a). By reviewing various studies 303 
in the literature, benchmark values for each indicator were assigned according to their 304 
minimum and maximum impacts on environmental sustainability (see Appendix 1 detailing 305 
the calculation method and benchmark values used to evaluate performance of each 306 
indicator). Each indicator is expressed as a value between 1 and 5 indicating different levels 307 
of sustainability. Similar to the 5 point Likert scale used for the FEEM Sustainability Index 308 
(Carraro et al., 2009), Figure 3 represents the definitions of these five reference levels. 309 
[INSERT FIGURE 3 HERE] 310 
Multivariate analysis of indicators: For the next step, a statistical analysis was employed. 311 
This step designates whether the theoretical framework of the index is well defined and the 312 
selected indicators are appropriate to describe the measured phenomenon (Nardo et al., 313 
2005a). Firstly, a Kolmogorov-Smirnov test was performed, using PASW Statistics 18 in 314 
order to investigate the distribution of the indicator dataset (see Appendix 2). As a result of 315 
the non-normal distribution of dataset, the Spearman’s rank correlation method was chosen. 316 
Spearman’s rank correlation analysis was conducted to examine the relationship between the 317 
indicators with reference to a number of similar studies (e.g., Pinho & Orgaz, 2000; Raju et 318 
al., 2000; Saltelli et al., 2004; Dramstad et al., 2006; Schulman & Peters, 2008; Can et al., 319 
2011; Rinner & Hussain, 2011). The correlation between the indicator datasets is presented in 320 
Appendix 3.  321 
A number of studies (Katz, 1999; Lehman et al., 2005; Morien, 2006; Christmann & 322 
Badgett, 2009) indicate that below 0.8 is a moderate value of correlation. Specifically, a very 323 
high correlation was found between (‘evapotranspiration’ and ‘surface runoff’, r=0,734), 324 
(‘stormwater pollution’ and ‘air pollution’, r=0,648) and (‘proximity to land-use destinations’ 325 
and ‘access to public transport stops’, r=0,731) indicators. However, it needs to be noted that 326 
these indicators measured different variables by using different calculation methods. 327 
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Furthermore, the correlation analysis was conducted based on the normalised indicator values 328 
(between 1 and 5); hence, it was expected to see a high correlation between the scores. 329 
Parcel-level spatial analysis: Spatial analysis of the study area was carried out through 330 
aerial remote sensing data with the use of ArcGIS software. From visual and digital 331 
interpretations of the aerial photo imagery derived from Google Maps, the total area of each 332 
land cover types within parcels were measured by using the ArcGIS analysis tool. The land 333 
cover classification was based on nine main types: roof-building; pavement; driveway; 334 
cycleway; walkway; tree-shrub; water; turf-grass, and; barren soil. Figure 4 illustrates an 335 
example of a land cover measurement taken from the study area (Dizdaroglu et al., 2010).  336 
[INSERT FIGURE 4 HERE] 337 
As the measurement was done through aerial photography, some challenges have occurred 338 
during land cover detection. For some areas, the images were not detectable due to poor 339 
spatial accuracy, poor weather conditions, and shadowing issues. Cost and time-efficient 340 
solutions were implemented for the success of the study: 341 
• The land cover measurement was based on the uppermost surface area, which is visible 342 
in the aerial photo. 343 
• Because of the overlapping problem, trees and shrubs were measured under one 344 
category as ‘tree-shrub’.  345 
• Because of poor data resolution, different pavement types could not be detected in the 346 
study area; therefore, they were measured under one category as ‘pavement’. 347 
• Driveways were divided into two equal parts and each part was included in the 348 
measurement of parcel area, which is located along the side of the road. 349 
• Because of the residential character of the area, water surface category included man-350 
made water bodies, such as swimming pools and garden ponds. 351 
• Natural water bodies (i.e., creeks, streams) and large artificial water bodies (i.e., canals, 352 
reservoirs, and recreational lakes) were not included in the measurement. 353 
2.3.4 Model Development and Application 354 
Indicator weights based on expert opinion: In this step, weightings for the indicators were 355 
assigned via expert survey. A total number of 21 experts participated in the survey. The 356 
participants comprised academics, planners, engineers and architects who are familiar with 357 
policy priorities and theoretical background. Each participant was asked to assign a weight by 358 
allocating a total of 100 points to each category and indicator in terms of their importance in 359 
the sustainability assessment. First, weightings for sub-categories were calculated by dividing 360 
the sum of each sub-category score by the total score of all sub-categories. Then, the result 361 
was multiplied by 100 to provide a percentage-weighted score. Second, weightings for 362 
indicators were calculated by dividing the sum of each indicator score by the total score of all 363 
indicators in the same sub-category. Afterwards, the result was multiplied by the sub-364 
category’s weighted score. Lastly, these scores were rescaled between 0 and 1, as illustrated 365 
in Table 3. 366 
[INSERT TABLE 3 HERE] 367 
Parcel-level calculation of the indicators: The spatial data unit for this study is the land 368 
parcel, which is defined by WG-CPI (2006, p.1) as “a single area of land or more particularly 369 
a volume of space, under homogeneous real property rights and unique ownership”. Parcel-370 
based spatial analysis collects reliable and accurate land-use information for planners and 371 
policymakers. It provides a spatial link between different geographic land-use information 372 
through an efficient infrastructure network environment. It identifies detailed information 373 
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regarding the pattern and extent of urban development in the neighbourhood, such as location, 374 
topographical description, land ownership, land-use and resources, and economic value 375 
(Tuladhar, 1996). In this step, an indicator score for each parcel was calculated via the 376 
formula using Microsoft Office Excel and ArcGIS software. Each parcel was scored using a 377 
five-point Likert scale, which represents its environmental sustainability performance 378 
regarding each indicator. Afterwards, expert weightings were applied to these raw indicator 379 
scores. These parcel-level indicator scores were then aggregated linearly into 100 x 100 metre 380 
grid cells to give the final composite index score, as explained in the next section. 381 
Aggregation of parcel-level scores into a composite index score: In this step, arithmetic 382 
aggregation was necessary in order to combine multidimensional indicator scores to form a 383 
single meaningful composite index. Additive aggregation is basically the arithmetic average 384 
of the weighted and normalised indicator scores. The composite index score was calculated by 385 
the following formula in Figure 5. 386 
[INSERT FIGURE 5 HERE] 387 
Finally, the composite index score was presented in five comparative sustainability levels: 388 
as suggested by Yigitcanlar et al. (2007), low (0.00-1.00), medium-low (1.01-2.00), medium 389 
(2.01-3.00), medium-high (3.01-4.00), and high (4.01-5.00). After arithmetic aggregation, the 390 
study area was divided into 100 x 100 metre grid cells and ArcGIS software was used to 391 
transfer this parcel-level aggregated composite index score into grid cell score. For this 392 
aggregation basically each parcel’s composite index score is multiplied by its area percentage 393 
within the grid cell and then summed into a single composite score for each grid cell.  394 
The aggregation of geographical data is widely used in the analysis of urban systems. 395 
However, there are many challenges, such as the Modifiable Areal Unit Problem (MAUP), 396 
which is a widely recognised spatial analytical issue that affects the results of such analyses 397 
due to the scale or zoning of the space (Paez & Scott, 2004). For instance, if the areal units are 398 
too small the results might not be meaningful, in contrast, if they are too big the results might 399 
not be accurate. Therefore, an interim scale is necessary in order to avoid detection issues. In 400 
this study, 100-metre was chosen as the grid cell size. In order to investigate the sensitivity of 401 
the changes that occurred from different spatial scales, a study was conducted. Descriptive 402 
statistics of aggregated data were performed for 50, 100 and 150 metre grid cell sizes. The 403 
details of this analysis can be found in Dur (2012). Eventually, a 100-metre grid cell was 404 
selected as the spatial unit based on the acceptable results from the analysis. 405 
Sensitivity analysis: A sensitivity analysis was performed to show the impact of the 406 
alternative methodological approaches on the overall results of the model. As the first part of 407 
the sensitivity analysis of the model, alternative techniques were applied in the weighting and 408 
aggregation procedures as follows: (1) Equal weighting, which provides the measurement of 409 
each indicator with the same degree of importance; (2) Factor analysis, which allows 410 
investigating a statistical relationship to determine the importance of each indicator 411 
(Hanafizadeh et al., 2009; see Table 4), and; (3) Geometric aggregation (in which indicators 412 
are multiplied and weights appear as exponents) that allows investigating the correlation 413 
among the performance of the indicators (Nardo et al., 2005b; Saisana, 2008). The composite 414 
index scores were calculated by using different combinations of alternative methodological 415 
techniques, as illustrated in Appendix 4. The results of the sensitivity analysis showed that the 416 
MUSIX scores are reliable and not highly sensitive to changes in the weighting or aggregation 417 
methods. The correlation analysis revealed that the impact of any of these assumptions is 418 
negligible overall as the correlations between the MUSIX model results and the others is 419 
greater than 0.9 (see Appendix 4).  420 
[INSERT TABLE 4 HERE] 421 
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As the second part of the sensitivity analysis, the impact of an underlying indicator on 422 
overall outcome of the model was assessed through performing exclusion of one indicator at a 423 
time. The analysis was conducted via removing one indicator at a time and then recalculating 424 
a reduced model score (Table 5). A low correlation between the MUSIX score and reduced 425 
model score implies that the model is highly sensitive to the exclusion of that indicator. The 426 
analysis revealed that the correlation between the MUSIX score and the reduced model scores 427 
are greater than 0.5, which is considered to be acceptable (Katz, 1999; Lehman et al., 2005; 428 
Morien, 2006; Christmann & Badgett, 2009). This means that the removal of indicators does 429 
not significantly change the overall MUSIX score. 430 
[INSERT TABLE 5 HERE] 431 
2.3.5 Policy Development 432 
In this step, the results of the model and policy applications were presented. The model 433 
combined the information derived from the six theoretical pillars of environmental 434 
sustainability—i.e., hydrological conservation, ecological protection, environmental quality, 435 
sustainable mobility, environmental design and renewable resources—into a single measure. 436 
For each category, a set of core indicators were assigned which are intended to: (1) 437 
benchmark the current situation, strengths and weaknesses; (2) evaluate the efficiency of 438 
implemented plans, and; (3) measure the progress towards sustainable development. Finally, 439 
in light of the model findings, integrated ecological planning strategies were recommended 440 
for the local government to incorporate in the planning scheme. These strategies include: 441 
sustainable stormwater management, protection of urban ecosystems, pollution prevention 442 
regulations and policies, sustainable mobility and accessibility, sustainable design of urban 443 
environment, and the use of renewable resources. 444 
2.4. Results from the Pilot SiteParcel-level findings: The model outputs are discussed 445 
below and the sustainability performances of the site are illustrated in Figure 6. 446 
[INSERT FIGURE 6 HERE] 447 
The first category, “Hydrology”, consists of two performance indicators: (1) 448 
Evapotranspiration—investigates the changes in Evapotranspiration rates resulting from 449 
impervious surfaces, and; (2) Surface Runoff—investigates the surface runoff rates of 450 
different land cover types. The overall sustainability performance score of this category is 451 
predominantly in the medium-low (1.01-2.00) to medium (2.01-3.00) ranges. Specifically, the 452 
large percentage of impervious surfaces (44-88%) due to high-density development lowers the 453 
rate of Evapotranspiration (%33) in the area. Moreover, as a result of auto-dependent 454 
development, the area is largely covered by paved surfaces (e.g., asphalt, concrete); hence, the 455 
results show increased rates of surface runoff (31-50%). 456 
The second category, “Ecology”, consists of two performance indicators: (1) Urban 457 
Habitat—investigates the environmental quality in the urban development by measuring the 458 
green area ratio, and; (2) Microclimate—investigates the urban heat island effect of 459 
impervious surfaces on the microclimate by measuring the albedo of surfaces. The overall 460 
sustainability performance score of this category is predominantly in the medium (2.01-3.00) 461 
to medium-high (3.01-4.00) ranges. As most of the parcels have large backyard gardens, the 462 
results demonstrate a high green area ratio (41-50%) in the area. In addition, the microclimate 463 
and thermal effect of the site is generally favourable (the albedo value of the surfaces are in 464 
the 21-27% range) except for a few parcels with a large percentage of impervious surfaces. 465 
The third category, “Pollution”, consists of three performance indicators: (1) Stormwater 466 
Pollution—investigates transport related stormwater runoff pollution, (2) Air Pollution—467 
investigates transport related air pollution, and; (3) Noise Pollution—investigates transport 468 
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related noise pollution. The overall sustainability performance score of this category is 469 
medium-high (3.01-4.00). The pilot site is in close proximity to the Coombabah Lake Nature 470 
Reserve, hence; the results represent a good picture of stormwater quality (0.03-0.10 mg/L) 471 
and air quality (0.000-0.050 μg/m³). Exclusively, parcels, which are close to the main arterial 472 
road, are exposed to high levels of noise pollution (66-75 dBA).  473 
The fourth category, “Design”, consists of two performance indicators: (1) Lot Design—474 
investigates the implementation of passive solar design principles within the existing parcel 475 
plan, and; (2) Landscape Design—investigates the implementation of subtropical landscape 476 
design principles within the existing parcel plan. The overall sustainability performance score 477 
of this category is predominantly in the low (0.00-1.00) to medium-low (1.01-2.00) ranges. 478 
Climate responsive design plays a role in encouraging energy efficiency of subtropical 479 
regions like the study area. Unfortunately, most of the parcel layouts do not meet passive solar 480 
design principles such as lot shape, building orientation, solar access and so on. Furthermore, 481 
even though they have large backyards, their gardens do not meet the principles of subtropical 482 
landscape design.  483 
The fifth category, “Efficiency”, consists of two performance indicators: (1) Energy 484 
Conservation—investigates the implementation of energy efficient design principles within 485 
the existing parcel plan, and; (2) Water Conservation—investigates the implementation of 486 
water efficient design principles within the existing parcel plan. The overall sustainability 487 
performance score of this category is predominantly in the low (0.00-1.00) to medium-low 488 
(1.01-2.00) ranges. The results show that existing parcel layouts do not meet the principles of 489 
energy and water efficient designs. Most of the parcels do not use sustainable energy sources 490 
such as rainwater tanks or solar panels. Furthermore, they have swimming pools or large 491 
amounts of grass in their garden area that lead to increased water use. 492 
The sixth category, “Location”, consists of three performance indicators: (1) Proximity to 493 
Land-Use Destinations—investigates the accessibility of the site to the land-use destinations 494 
within walking distance (800 m), (2) Access to Public Transport Stops—investigates the 495 
accessibility of the site by public transport, and; (3) Walkability—investigates the site 496 
accessibility by looking at the design of streets and pedestrian ways. The overall sustainability 497 
performance score of this category is medium (2.01-3.00). The results indicate that the area 498 
has limited accessibility to land-use destinations by walking (Neighbourhood Destination 499 
Accessibility Index (NDAI) 35-68). The area has a good public transport access (201-400 500 
meter) in general, however, the frequency of services are not enough to provide a sustainable 501 
transport system. Lastly, the area is highly dependent on motor vehicle use, hence; the 502 
neighbourhood is not walkable. The results demonstrate that the design of pedestrian ways 503 
and bikeways need to be improved in order to improve the walkability of the streets. 504 
Grid-based composite index findings: In this study, the MUSIX investigates the 505 
environmental impacts at a micro-level in which parcels are used as spatial units. However, in 506 
addition to parcel-level information, the outcomes of this study are also presented at the grid 507 
cell level. The advantage of providing information at grid cell level is to easily integrate the 508 
parcel-level model outputs with the different scale assessment tools in the local planning 509 
process. Composite index maps of the site are illustrated in Figure 7. 510 
[INSERT FIGURE 7 HERE] 511 
The grid-based composite index score of the area is medium (2.01-3.00). The composite 512 
index score shows that there are major environmental impacts in the study area arising from 513 
increased impervious surfaces due to urban development. According to the findings, the 514 
growing residential pressure in the study area results in increased impervious surfaces, which 515 
have significant impacts on the site hydrology through increased surface runoff. In addition, 516 
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the car-dependent pattern of development in the area contributes to surface runoff by creating 517 
more impervious surfaces and increases the risk of the transport of pollutants to the 518 
waterways. An increase in the impervious surfaces also affects the ecology of the study area 519 
by clearing natural vegetation. Furthermore, their high thermal conductivity and heat storage 520 
capacity causes increased land surface temperatures. The conventional suburban development 521 
patterns in some parts of the study area provide a hierarchy of streets beginning with cul-de-522 
sacs and result in large intersections at major junctions, greater congestion along major streets 523 
and an environment that discourages pedestrian and bicycle travel. As the study area is highly 524 
dependent on motor vehicle use, there is limited accessibility by walking—800m—to land-525 
use destinations such as convenience stores, shopping malls, banks, ATMs, cafes and 526 
restaurants. Lastly, the results indicate that climate responsive design strategies in terms of 527 
energy and water efficiency aspects are not common in the study area.  528 
3. Discussion and Conclusion 529 
The main conclusion drawn from this study is that the spatial scale is an important aspect 530 
of assessment in detecting urbanisation impacts on natural resources and ecosystems. Scale is 531 
linked to variation and predictability of the assessment. The scale of the spatial analysis 532 
determines the accuracy of the assessment. Furthermore, the scale of the assessment 533 
influences both the identification of the actors of environmental issue and the range of 534 
possible actions and policy responses (Weins 1989; Levin 1992; Millennium Ecosystem 535 
Assessment, 2003). As previous reviews have demonstrated, existing sustainability indices are 536 
concerned only with larger geographical units. They evaluate environmental impacts at the 537 
macro-levels from national to regional and international scales. However, there are usually 538 
limitations in collecting reliable and accurate information (Dizdaroglu et al., 2012). Mayer 539 
(2008, p.280) indicates that even though the indices may seem different, many of them 540 
incorporate the same underlying data for many indicators because of insufficient data 541 
availability. Mori & Christodoulou (2011) also argue that this relative evaluation and 542 
comparison brings along biased assessments, as data only exists for some entities, which also 543 
means excluding many nations from evaluation and comparison. Therefore, the micro-scale—544 
i.e., parcel level—is the ideal scale to detect the environmental stress in an urban ecosystem 545 
by providing more detailed data and preventing loss of detail in collecting coarser spatial data. 546 
As stated by Mascarenhas et al. (2010), micro-scale indicators are effective tools in 547 
monitoring the complex phenomena, increasing transparency and accountability with the 548 
provision of widespread access to information, engaging stakeholders, supporting 549 
policymaking and allowing comparisons across time/space with other municipalities/regions. 550 
The findings have shown that MUSIX has the potential to be used for benchmarking 551 
sustainability performances, particularly at the micro-level, by developing a set of relevant 552 
parcel-scale indicators. Moreover, the results of the model provided fundamental information 553 
and guidance that assists developers, planners and policymakers to investigate the 554 
multidimensional nature of sustainability at the local level by capturing the environmental 555 
pressures and their driving forces in highly developed urban areas. The other strengths of the 556 
model can be summarised as follows: 557 
• The model serves as a rating tool for assessing the environmental performance of the 558 
current development by highlighting environmental opportunities and constraints in the 559 
area. 560 
• The model serves as a design support tool for assisting the environmental quality of 561 
future urban areas by setting standards for energy-efficient and climate-responsive 562 
residential parcel design. 563 
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• The model provides a snapshot of the current local environmental situation, which the 564 
outputs can be used for setting environmental policies, objectives and targets. Thus, it 565 
provides a useful assessment tool for the local planning scheme in order to guide the 566 
development of sustainable policies targeting preservation and enhancement of urban 567 
ecosystems. 568 
• The model assists governments and planning institutions at the local level to monitor 569 
and evaluate urban ecosystems by providing quantitative information on the impacts of 570 
development on the environment. 571 
However, like other indices, the MUSIX has limitations, which can be summarised as 572 
follows: 573 
• Some indicators of the earlier versions of the model, which are related to socioeconomic 574 
structure of the urban ecosystem (e.g., household density, income, education, family 575 
size, immigration status) had to be excluded due to problems with household level data 576 
collection, limited budget and time schedule. 577 
• The indicator set of the model was selected by considering sustainability characteristics 578 
of the local area, sustainability issues, environmental planning strategies and data 579 
availability. The same indicator list can be adapted and applied by other local authorities 580 
within the Greater Region where Gold Coast is located. However, in order to 581 
implements the model (inter)nationally in another local governments context, the 582 
indicator-base of the model should be customised by carefully considering the local 583 
characteristics of the locality. 584 
• The spatial scale of the model, parcel-level, was selected particularly based on the 585 
sustainability assessment of residential dwellings. However, for some large parcels, 586 
such as schools or shopping centres, it needs to be taken into consideration that the 587 
parcel-level scale might cause loss of detail. In such cases an alternative approach 588 
should be considered.  589 
• This study is part of an Australian Research Council research project, which 590 
investigates the transport related pollutants build-up and wash-off from road surfaces 591 
that are collected from 11 sites in the GCC (Goonetilleke et al., in press). Data for the 592 
pollution indicators was obtained from this project, hence; Lead (Pb) was used as a 593 
cursor pollutant (Mahbub et al., 2011). However, other pollutants can also be used in 594 
the indicator calculation based on the data availability or air quality targets of other 595 
localities. 596 
• It is necessary to use the assessment tool early in the design and development process in 597 
order to reduce the cost and time required to remedy the environmental problems that 598 
occurred after development—ideally at the planning scale. The model currently only 599 
evaluates the existing developments. However, the model is currently being calibrated 600 
as a plan evaluation tool as well.  601 
Finally, the study has shown that MUSIX serves as a promising environmental 602 
performance assessment tool for local governments and planning agencies, moreover, the 603 
outcomes of the model can be a useful guide in the development of relevant policies and 604 
strategies for both current and future developments. The outcomes of MUSIX are highly 605 
promising and worth further investing on. The model is currently tailored for and tested in the 606 
Gold Coast City. However, further research is scheduled to adapt and apply the model to 607 
different contexts. This way, with some modifications the model can be applied in other city 608 
contexts and the results can be compared with benchmarked scores. As mentioned at the 609 
limitations, MUSIX is also planned to accommodate a new module for evaluating alternative 610 
development scenarios. In doing so, the model will become a more effective policymaking 611 
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tool for evaluating and selecting the most appropriate development proposals that best 612 
accomplishes sustainability goals.  613 
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